The yielding of compacted moist cement-mixed gravelly (CMG) soil, subjected to arbitrary loading histories with two stress variables, is studied by means of non-standard drained triaxial compression tests. A non-linear three-component model is modified to describe the elastoviscoplastic property affected by ageing and shear yielding-associated damage. The development of the inviscid yield locus (YL) is formulated based on the interactive double-yielding mechanism that comprises (i) the bounding mechanism controlled by "inviscid YL, YB" and (ii) the frictional mechanism controlled by "inviscid YL, YF". Each inviscid YL is determined as an inner envelope of a given set of YB and YF that have developed by ageing and shear yielding and have been affected by damage. As the inviscid YL approaches the peak strength line, the shape changes in association with a decrease in the effect of YB and an increase in the effect of YF. The size and shape of the respective YLs in total stresses (i.e., measured effective stresses) are different from those of the corresponding inviscid YLs due to the viscous effects. The total stressstrain relation for a given loading history is obtained by accounting for the viscous effects from the inviscid stress-strain relation, which is obtained from the basic inviscid stress-strain relation accounting for the effects of ageing and damage. It is shown that this model can properly simulate the development of YL for a wide variety of loading histories applied along various stress paths.
Introduction
As long as the stress state is kept below the current yield locus (YL) or yield surface for large-scale yielding, the tangent stiffness is substantially higher than that at the same stress level when large-scale yielding takes place. Unlike unbound geomaterials, the YL of cement-mixed soil expands not only with strain-hardening by yielding, but also with time by positive ageing (Tatsuoka et al., 2008b (Tatsuoka et al., , 2008c ). This feature is very important for the backfill used for important soil structures, such as bridge abutments, as it allows for very small deformation. This feature can be properly described only by a relevant elasto-viscoplastic (EVP) model incorporating ageing effects. For example, for loading histories (1), (2) and (3) in Fig. 1a , an elasto-plastic (EP) model predicts the same stressstrain relation seen in Fig. 1b. An elasto-viscoplastic (EVP) model predicts creep deformation b-c, which expands the YL from the one at stage b to the one at stage d, as seen in Fig. 1c .
Upon the restart of monotonic loading (ML), the stiffness is very high until point d (on the current YL). The yield point (YP) changes to point e, also due to ageing, during sustained loading (SL), as seen in Fig. 1b and c. Di and Tatsuoka et al. (2002 Tatsuoka et al. ( , 2008a showed that the nonlinear three-component model, shown in Fig. 2 , can simulate these EVP behaviors. The behavior of cement-mixed gravelly (CMG) soil is even more complicated, as illustrated in Fig. 1b and c, due to the effects of the positive interaction between ageing and yielding taking place during SL b-c and the yielding-associated damage to inter-particle bonding during subsequent ML.
To predict yielding for general stress paths, the changes in shape, size and location of YL during a given loading history should be known. Tatsuoka et al. (2008c) obtained a set of YL for CMG aged at different triaxial compression (TC) stress states. Ezaoui et al. (2010) proposed the interactive doubleyielding (IDY) mechanism. Therefore, the objective of the present study is to examine whether the evolution of YL, observed along a wide variety of TC stress paths, can be appropriately simulated based on the IDY mechanism, that develops due to the yielding-associated strain hardening and ageing, and their interaction during shrinking due to damage.
EVP framework incorporating ageing effect

Non-linear three-component model (Isotach)
According to the model (Fig. 2 ), total stress s (i.e., measured effective stresses) comprises inviscid stress s f , activated in plastic body P, and viscous stress s v , activated in viscous body V (Eq. (1)). Strain rate _ ε comprises elastic part _ ε e and visco-plastic (irreversible) part _ ε ir (Eq. (2)). (Tatsuoka et al., 2008b) .
Eqs.
(1) and (2) are valid whether a given geomaterial is unbound or bound and for any viscous property type and any loading history. Under monotonic loading (ML) conditions (i.e., when always _ ε ir 4 0) along a given stress path, s f is a unique function of ε ir . When the viscous property type is Isotach, s v becomes a unique function of ε ir and its rate is obtained as
where α, m and _ ε ir r are the material constants. Eq. (3) is generalized to Eq. (5) by replacing s with a non-dimensional parameter that is equivalent to principal stress ratio R eq (Fig. 3 ), as follows: (5) and (6) is the cohesion term for bound geomaterials to consistently keep the framework of Eq. (3) . c*¼ 0 with unbound geomaterials .
The positive ageing effects and damage effects reflect the bonding and de-bonding at the inter-particle contact points. Hinchberger and Qu (2009) assumed that ageing and damage have a direct link to the V body, but not the P body of the model (Fig. 2) . In the present study, it is considered that ageing and damage do not affect viscosity function g v , but directly affect the inviscid properties of bodies E and P. Moreover, interactions between the ageing effect (as a function of time t c ) and the yielding-associated strain hardening in body P are taken into account. Tatsuoka et al. (2008b) successfully simulated the EVP behavior of CMG observed for a wide variety of loading histories in drained TC tests at a fixed confining pressure (s 0 h ¼ s 0 3 ¼ 20 kPa) based on these postulates. In the present study, extending Ezaoui et al. (2010) , the development of inviscid YL by yielding and ageing during arbitrary loading histories under general TC stress conditions is formulated based on the experimental data.
Experimentally obtained yield loci
To obtain the yield loci (YLs), Kongsukprasert and Tatsuoka (2005) , , Tatsuoka et al. (2008b Tatsuoka et al. ( , 2008c and Ezaoui et al. (2010) performed series of CD TC tests on CMG under essentially the same conditions. An angular crushed sandstone (called model Chiba gravel), obtained by sieving the original one from a quarry to a maximum particle size of 10 mm, was mixed with normal Portland cement. The cement/gravel ratio by weight (c/g) was 2.5% in most of the tests and 4.0% in some of the tests, both usually employed in construction projects (e.g., Tatsuoka et al., 2005) . The trend of yielding is essentially the same for c/g ¼ 2.5% and 4% (Ezaoui et al., 2011) . In the following, c/g ¼ 2.5% for the test results without a note that c/g ¼ 4%. Rectangular prismatic specimens, 72 mm Â 72 mm in crosssection times 150 mm in height, were produced by handtamping to a target dry density (2.0 g/cm 3 , 95% of the maximum dry density equal to 2.10 g/cm 3 by the standard Proctor) at a water content of 9.65% (the optimum water content). The vertical (axial) and horizontal (lateral) strains, ε v and ε h , were measured locally with a pair of vertical local deformation transducers (LDTs) and three pairs of horizontal LDTs arranged on the lateral faces of the specimen. Table 1 summarizes the conditions of the previous CD TC tests Tatsuoka et al., 2003; Ezaoui et al., 2010) and those performed in the present study (denoted by the letter "H"). The specimens were initially cured at constant moisture under atmospheric pressure for different periods of time (depending on subsequent TC loading history) and then brought to stress point O (q¼ 0; s 0 h ¼ 19.8 kPa; Fig. 4b ). Subsequently, the specimens (moist as compacted) were subjected to various stress paths in order to evaluate the effects of the initial curing period and/or the TC stress state and period of re-curing on the shape, location and size of YL. All the drained monotonic loading (ML) was performed at the same constant axial strain rate of _ ε v ¼ 0.03%/min. Fig. 4a shows a typical data set. ML at s 0 h ¼ 1.0 MPa was ended at point D (q¼ 0.5 MPa; s 0 h ¼ 1.0 MPa) for re-curing for two days. Then, ML was restarted toward ultimate failure either at the same s 0 h (¼ 1.0 MPa), or after s 0 h was decreased to 20 kPa or 0.5 MPa, or increased to 1.5 MPa. Along the respective stress-strain curves presented in Fig. 4a and other similar ones, by following the method described in Ezaoui et al. (2010) , the point of maximum curvature in the log(stress)-log(strain) plot was defined as the "total stress YP" as the point where large-scale yielding starts (Jardine, 1992) . Fig. 4b shows the YPs for the specimens re-cured for 2 days at points B (s (Fig. 4a) , and two YPs for the specimens cured for nine days at O. In this and other figures up to Fig. 14, YPs are defined in total stresses. For the same original data set, the plots of YP presented in Fig. 4b are slightly different from Fig. 3 . Stress parameters to describe the EVP behavior of geomaterials (c*¼0 for unbound geomaterials) (Ezaoui et al., 2010) . those reported by Ezaoui et al. (2010) . In the previous plot, each YP was defined for a non-linear curve starting from q¼ 0 fitted to the respective measured q-ε v relations starting from the restarting point (where q4 0) of ML after re-curing. In the new plots, as a more objective method, each YP was defined for a non-linear curve starting from the restarting point of ML . CSR: Change of Strain Rate (sudden changes in the strain rate by a factor or up to 100 times). All tests performed at 95% of ρ d_max at the optimum water content by the standard Proctor.
a t c ¼ total curing period equal to "initial curing period under unconfined condition" plus "re-curing period (sustained loading at an anisotropic stress state)". b Special stress path detailed in Fig. 9a and b. c Anisotropic stress states wherere-curingby sustained loading was performed. (Ezaoui et al., 2010) and simulated total stress yield loci.
fitted to the respective q-ε v relations. Each "total stress YL" for the same initial and re-curing conditions is obtained by simulation (explained later) connecting these measured "total stress YPs". Tatsuoka et al. (2008b Tatsuoka et al. ( , 2008c showed experimentally that the yielding/hardening of cement-mixed soil is kinematic and successfully simulated this trend by the model (Fig. 2) taking into account the ageing effects. It is seen from Fig. 4b that different yield loci develop when cured at different stress states, which also indicates kinematic yielding/hardening. Only the peak strengths from continuous ML tests (without intermediate SL stages) are plotted in Fig. 4b . A linear line has been fitted to all of the relevant data on peak strength comprising those shown in Fig. 4b and those at higher confining pressures not presented in Fig. 4b .
It may be firstly seen from Fig. 4a and b that the shape of the initial YL developed only by initial curing can be approximated by a linear line; s Fig. 5a . This shape is utterly different from the peak strength line (PSL). Secondly, a relatively large stress zone bounded by a YL, in which the stress-strain behavior is very stiff, has developed by SL at the respective fixed anisotropic stress states. This development is due to (i) strain-hardening associated with creep deformation, (ii) positive ageing effects and (iii) their interactions. Thirdly, the location, size and shape of YL depend considerably on the re-curing stress state relative to the origin (i.e., unstressed condition) and the PSL. For example, the shapes of the YLs that expanded by re-curing at points B and C are noticeably different from those by re-curing at points D and E. Besides, as the YL approaches the PSL, generally its shape gradually changes from the one of the initial YL toward the one of the PSL. These trends are herein formulated based on the interactive double yielding mechanism ( Fig. 5a and b) . It is assumed that each YL is an internal envelop of a YB (i.e., a YL for the bonding mechanism) and a YF (i.e., a YL for the frictional mechanism) that have developed along with yielding affected by associated damage (de-bonding effect), as well as ageing.
Special tests to examine the mechanism of YL development
To identify the underlying mechanism of the development of YB and YF by ageing, yielding and their interaction, nine CD TC tests denoted by the letter "H" in Table 1 were performed along the stress paths shown in Fig. 6 .
Positive interaction between ageing and yielding
The peak strength and stiffness of CMG increases considerably with time by positive ageing effects during unstressed initial curing for periods of 1-180 days (Fig. 7) . The location of initial YP, denoted by a hollow circle, also became higher. However, the stress-strain behavior and peak strength are not simple functions of the curing period, as shown below. In Fig. 8a , a hollow circle denotes the YP when s h 0 ¼ 20 kPa that developed by initial curing for 7 days (shown in Fig. 7) . In test YL-015, the specimen was re-cured for two days at point B (s h 0 ¼ 20 kPa), located above the initial YL. Then, the peak strength at the same total curing period of 9 days became noticeably higher than the value by continuous ML without this re-curing. Kongsukprasert and Tatsuoka (2005) called this additional gain "positive interaction effect between ageing and yielding". This trend became stronger when re-cured at a higher shear stress, at point C (s h 0 ¼ 20 kPa) in test YL-033. In test YL-026, the specimen was re-cured at point E (s h 0 ¼ 1.0 MPa), located much higher than the initial YL (Fig. 6) . Then, the additional gain at s h 0 ¼ 20 kPa became much larger. In test A. Ezaoui et al. / Soils and Foundations 56 (2016) 73-92 H-17 (s h 0 ¼ 1.0) (Fig. 8b ), large positive interaction effects were also observed when ML was restarted after re-curing at two stress states above the initial YL. On the other hand, in test H-026 (Fig. 8c ), c/g was higher (4.0%); therefore, the YP by initial curing for 7 days was located higher and the re-curing stress state (q¼ 1.0 MPa and s h 0 ¼ 20 kPa) became noticeably lower than the initial YP. In this case, the positive interaction effect was negligible. Moreover, in test H-02 (Fig. 8d) , where the re-curing period was longer (7 days as compared with 2 days in test YL-015), the re-curing stress state (point B) was the same as test YL-015 (Fig. 8a) , located only slightly above the initial YP by initial curing for 7 days. Almost no positive interaction effect developed. This result shows that, when the re-curing stress state is located only slightly above the initial YP at the start of re-curing, positive interaction effects between ageing and yielding do not increase during a subsequent long period of re-curing. This trend is explained by the proposed formulation to be shown later (related to Fig. 24a and b) .
Finally, as Tatsuoka et al. (2003) and Ezaoui et al. (2010) have shown, and as is seen from Fig. 8a and b, the gain by the interaction effect decays with strain during subsequent ML and the stress-strain relation tends to finally rejoin the one by continuous ML at the same total curing time. This fact shows that the damage process by the de-bonding effect occurs whenever yielding takes place.
Development of YB by the bonding mechanism
By performing the following three tests, the effects of ageing and yielding on the development of YB were examined:
Original stress path (test YL-021, The stress history/ path is O-a-g-a-c: i.e., initial curing for 9.8 days -isotropic compression to point g (s 0 h ¼ 1.5 MPa; on the YL that has expanded by re-curing at point B in test YL-021) -isotropic unloading to point a -ML at s 0 h ¼ 20 kPa from point a to cross the YL that has expanded by isotropic compression to point g.
It is seen from Fig. 8a that, for the same total curing time at the peak stress state (i.e., 9 days), the strength by ML (at s 0 h ¼ 20 kPa) is noticeably higher after re-curing for two days at point B in test YL-015 than by continuous ML (without recuring at point B) in test CB3-01. This difference is due to the positive interactions between yielding and ageing during recuring at point B in test YL-015. Therefore, to compare the development of YL for the same peak strength among the three tests, the specimens for stress paths 1 and 2 were initially cured for 9.8 days based on the ageing function obtained by Tatsuoka et al. (2008b) . The three solid curves depicted in Fig. 10 are the stressstrain curves by three ML tests at s 0 h ¼ 1.0 MPa. The stressstrain curves of tests H-11 (stress path 1, O-a-c-a-d-e-f) and YL-021 ("original" stress path O-a-B-a-d-e-f) are very similar. In particular, as depicted in Fig. 9b , the YP during ML at s h 0 ¼ 1.0 MPa in test H-11 is located very close to the YL that developed by re-curing at point B for 2 days (test YL-021). That is, the effects of shear yielding until point c (test H-11) and re-curing at point B (test YL-021) on the development of YL are equivalent. Based on the above, it is postulated that (1) the YB expands by shear yielding along a certain stress path keeping the same shape (and by the same amount in the present case) as the one purely by ageing; and (2) two YBs that develop by these different loading histories may predict the same yielding characteristics when sheared along another identical stress path. In Fig. 11 , the locations of YB (by the bonding mechanism) and YF (by the frictional mechanism) that developed by yielding during the first loading until point c at s h 0 ¼ 20 kPa (test H-11) are inferred. This inference is based on such an interpretation that, by shear yielding until point c, the YL that has developed by the initial yielding and passes point B is translated to the YB that passes point c. The start of large-scale yielding that would take place when crossing YF during ML at s h 0 ¼ 1.0 MPa is masked, as this yield point on YF is located above the instantaneous YB.
In Fig. 12 , the YP observed during ML at s 0 h ¼ 20 kPa in test H-20 is located significantly above the one developed by initial curing for the same total curing (i.e., 9.8 days) in Test H-11, while it is located close to YP denoted by c in Test YL-015. In Fig. 9b , YP denoted by c (at s 0 h ¼ 20 kPa) is located on the YB that has expanded by re-curing at point B in test YL-021. In Fig. 13 , the inferred location of YB developed by volumetric yielding during the first isotropic loading until stress point g in test H-20 is represented by an inclined straight line. During this process, YF by the friction mechanism does not expand from the initial one that has developed during unstressed initial curing. This initial YF should cross the TC stress path at s 0 h ¼ 20 kPa slightly higher than the observed YP, while exhibiting a higher cohesion parameter than the one of the PSL (Fig. 5a ). (Fig. 14a) . This procedure was repeated until s 0 h became 1.0 MPa. Four pairs of "a maximum stress point at the end of incremental ML" and "a YP during the next ML at an increased s 0 h ", belonging to four different YLs, were obtained (Fig. 14b) . These YL segments, located close to the PSL, have an open-type shape, like the Mohr-Coulomb failure criterion and their slope becomes larger at later stages of shear loading. That is, as the YF develops, its mobilized internal friction angle increases and the YF becomes more similar to the PSL, as illustrated in Fig. 5b .
YF in the vicinity of PSL
Formulation of YF and YB
To predict such a complicated feature of yielding as described above, it is necessary to properly describe the development of YL by ageing effects controlled by the stress state and re-curing period. Several existing models deal with the yielding of already-bonded geomaterials and some models take into account the degradation of bonding. Nova et al. (2003) and Buscarnera and Nova (2009) proposed inviscid yielding models based on an isotropic (and/or kinematic hardening) volumetric expansion of a yield surface having a fixed shape of the Cam clay model type. Galavi and Schweiger (2009) proposed a multi-laminate framework comprising two independent yielding processes (volumetric and deviatoric). By extending this model, Ezaoui et al. (2010) proposed an interactive double-yield (IDY) concept for CMG, which comprises two coupled (interactive) sub-mechanisms that evolve by bonding and frictional processes, as detailed below.
In the preceding sections, the test data are described in total stress; hence, they include the viscous effects. The current viscous stress is uniquely controlled by instantaneous irreversible strain and its rate in the case of Isotach viscous property type. This type is relevant to CMG in the pre-peak regime (Kongsuprasert et al., 2005; Ezaoui et al., 2010) . To minimize variations in the difference between the inviscid YL (i.e., YB and YF) and the experimentally obtained YL expressed in total stress (Fig. 5b) , ML in all the tests was performed at the same relatively low axial strain rate (i.e., 0.03%/min). Even so, the viscous stress increases while approaching the PSL according to Eq. (3). As schematically illustrated in Fig. 15 , a YL described in inviscid stresses (i.e., s f in Fig. 2 ) is obtained by slightly rotating "the respective YLs in total stresses obtained by TC tests at different constant s 0 h s" around its intersection with the p 0 axis. The shape and expansion mechanism of the experimentally obtained "total stress YLs", mentioned previously (i.e., Fig. 5b ), remains valid with the "converted inviscid YLs". In the following sections, to formulate the plastic component (Fig. 2 ) as theoretically and rigorously as possible, the experimentally observed "total stress YLs", that have been converted to "inviscid YLs", are analyzed.
Ageing effect and damage-associated yielding with their interactions
According to the strain damage theory (e.g., Neville, 1963) , with bound materials, yielding defined by the occurrence of irreversible strain is always associated with de-bonding (i.e., damage) and the current stress state is a function of the strain tensor and an internal tensor called the damage parameter, ω, hereafter denoted as ω, which is a function of the irreversible strain tensor. In the present study, it is also assumed that ω is the non-dimensional damage parameter for YLs (YB and YF), and a unique stress-strain curve is defined for a given value of ω, as shown in Fig. 16a . Here, D(ω) is the damage function, which decreases from 1.0 when ω ¼ 0 (i.e., imaginary yielding without damage to the inter-particle bonding) to zero when ω¼1. Tatsuoka et al. (2008b) expressed the current inviscid deviator stress when the irreversible strain is ε t c and the total time is t c in CD TC at constant s 0 h affected by the ageing effects, but not including the damage effects or the interaction effects between ageing and yielding as
where C 0 ðε t c Þ is the basic strain-hardening function (not including the ageing effects) and A f g ðt c Þ is the inviscid ageing function with A f g ð0Þ ¼ 1:0. Eq. (7) is rewritten if the increment in positive ageing effect d½C 0 ðε t ÞU ðA f g ðtÞÀ1Þ that develops at time t (in the past) decays with an increment ω t c À ω t until t c (the current time) as
where Dðω t c À ω t Þ is the damage function that decreases with ω t c À ω t from D(0)¼ 1.0 (no damage when t c ¼ t; i.e., when
where r 2 is a positive parameter that is always equal to 1.0 when there is no damage or equal to less than 1.0 when there is damage. Unless r 2 ¼ 1.0, the current value for q f ðε t ; t c Þ is not unique for a given set of ε t c and t c , but it depends on the history of ε. The stress-strain curves for different constant values of ω (¼ ω t c À ω t ), presented in Fig. 16a , are obtained by substituting constant values for D(ω) into Eq. (8), as follows:
The stress-strain curve for continuous ML, in which ω continuously increases with strain, traverses the curves for different constant D(ω) values ranging from 1.0 (no damage) to a certain value between 0 and 1.0 (Fig. 16a) .
Eq. (8) can express positive interactions between ageing and yielding as follows. The two curves in Fig. 16b, A and B , denote the stress-strain relations for continuous ML tests at a constant strain rate starting after two different initial curing periods, t c1 and t c2 (Fig. 16c) . If D(ω) is constant during ML, stress gainIat a considered strain ε is obtained from Eq. (10) as
where
In the actual ML case, D(ω) Fig. 15 . Conversion of experimentally obtained "total stress YL" to "inviscid YL".
decreases with an increase in ω from 1.0 (when ω¼ 0) (Fig. 16a ) and stress gain I at a given strain ε is equal to the difference in q f between points a and b (at ε) in Fig. 16b . In this case, the gain is obtained from Eq. (8) as
where α is the parameter that decreases from 1.0 to 0 with an increase in the irreversible strain and its value depends on the damage that has taken place until strain ε. On the other hand, in Fig. 16b , the stress gain under undamaged conditions is expressed by the difference in q f between points a 0 and b 0 , Iþ Δi, obtained by two ML tests always under undamaged conditions and performed on specimens initially cured for different periods, t c1 and t c2 . This is obtained by substituting DðΔω ¼ 0Þ¼1.0 into Eq. (11) as
For the simplicity of the discussion, the time elapse during these MLs is assumed to be negligible compared to time difference t c2 -t c1 . Suppose that, in the third test, SL is performed between points a and b for a period from t c1 to t c2 (Fig. 16c) . If any creep strain does not take place during this SL stage, the increase in strength is equal to Iþ Δi (Eq. (13)). Then, the positive interaction effect that has taken place during this SL stage, denoted as Δi, is obtained from Eqs. (12) and (13) as
Eq. (14) implies that the Δi value increases with an increase in (i) the period for which the irreversible strain is kept constant (i.e., the time difference t c2 -t c1 ), (ii) the value of C 0 (ε) during SL and (iii) the term "1À α", which increases with an increase in the irreversible strain/damage that has taken place until the current time. These trends are typically seen from Fig. 8 . The specific formulation of Eq. (14), based on the experimental data, is presented later. The issue that different types of bound materials would exhibit different positive interaction effects (Tatsuoka et al., 2008b ) is beyond the scope of this paper.
Development of YB
The YL that develops purely by initial curing (i.e., the initial YB before the start of any yielding) can be described by the criterion that s 0 v ¼ cst (Figs. 5a and 6a) . In the following, it is assumed that this initial YL develops (i) with time keeping the same shape during unstressed initial curing and re-curing and (ii) by yielding while affected by the shear strain-induced damage. Hence, the YB can be described by its interception with the p 0f axis, s f v_ maxðYBÞ , as the single hardening parameter, which is a function of current stress state s, damage parameter ω and curing time t c . Then, the following simple hardening and ageing rules can be defined: The use of the two notations, t c and t, is to distinguish between the ageing and the yielding processes. In the following, only notation t c is used when such a distinction as above is not necessary.
When based on these yield criteria, the YB expands in the following three different ways: (a) Development by initial curing (Fig. 17a) Fig. 7. (b) Development by yielding (Fig. 17b) where s f v_current is the current inviscid vertical stress. As shown in Figs. 17b and 18, δ(ω) represents the distance between the current YB and the current stress point P that is located on the current resultant yield locus (YL). Therefore, δ(ω) is controlled by (1) the rule to integrate YB and YF to the resultant YL (as shown in Fig. 18 ) and (2) the current damage parameter, ω, because YB expands in association with an expansion of YF by shear yielding (controlled by ω). The specific function for δ (ω) is formulated later based on the experimental results. As illustrated in Fig. 17b , once the current stress state has passes the YB that has developed by initial curing (i.e., YB(t 1 )); that is, once s f v_current exceeds the current yield stress s f v_ maxðYBÞ , the YB starts expanding by yielding. The YB expanded by shear yielding in test H-11 (Fig. 11) and by volumetric yielding in test H-20 (Fig. 13 ) both in the same way as the Fig. 17 . Expansion of YB mechanism (a) by initial curing, (b) by yielding affected by damage, and (c) during re-curing at a given stress state.
development by yielding and ageing during re-curing at an anisotropic stress state B in test YL015 (Fig. 9b) .
In Fig. 17b , the values for δ(ω) in two cases are presented. When the current stress state is at point P 2 along stress path 2, rather than when it is at point P 1 along stress path 1, the deviatoric stress is larger; hence, the damage is larger. This difference generally makes δ(ω 2 ) larger than δ(ω 1 ) for the following reasons. Firstly, as seen from Fig. 18, δ(ω) increases as the sizes of all of YL, YB and YF increase proportionally. Secondly, in actuality, with an increase in ω by yielding, the YF rotates in the counterclockwise direction (Fig. 5 ) and the influence of the current YB on the current resultant YL decreases, while the influence of the current YF increases. These points are discussed in detail later.
(c) Development during re-curing (Fig. 17c ): During SL, YB develops solely by ageing for a period from time t (when yielding stops) to t c (current time) increasing the yield stress from s the current stress/strain state and the re-curing period, as seen in Fig. 8 , illustrated in Fig. 16b and as formulated as Eq. (14), in the case of loading with a single stress variable. In Fig. 17c , YB(1) (when t ¼ t) is the YB that has already expanded by yielding and affected by damage. During SL at point P 1 , YB expands with time from YB(1) to YB(2) (when t ¼ t c ) keeping the same shape. The value ofs 0 ðt; sÞ is obtained from the inviscid stresses at time t, as explained in the next section. On the other hand, if the current inviscid stress state is always located below the initial YL (which expands with time), s 0 ðt; s Þ is kept the same as the initial value of s f v_0ðYBÞ in Eq. (17), and Eq. (19) becomes Eq. (17).
Development of YF
As the resultant YL approaches the PSL associated with yielding, the shape of YL gradually becomes closer to that of the PSL (Fig. 4b) . In this process, the contribution of YB to the resultant YL becomes gradually smaller, reflecting more debonding at inter-particle contacts, while the contribution of YF becomes more important, reflecting more mobilization of friction at inter-particle contacts. Hence, YF is described by the following Mohr-Coulomb criterion (Fig. 5b) :
Then, the development of YF by yielding and ageing is described by changes (or no changes) in the two hardening parameters: c 0 (the cohesion intercept) and M 0 (the slope representing the mobilized friction angle). It is assumed that c 0 increases with total ageing time t c and decreases by damage (i.e., with irreversible shear strain); M 0 increases by shear yielding, controlled by damage, and does not increase solely by ageing. Then, YF in terms of inviscid stresses (i.e., "inviscid YF") expands in the following three different ways: (a) Development by initial curing (Fig. 19a ): When the current inviscid stress state (at time t c ) is always located below the instantaneous YB that has expanded by unstressed initial curing (Fig. 5a ), c 0f ðt c ; ωÞ increases in the similar way as Eq. (17), namely,
wherec 0 is the initial value of c 0 f ðt c ; ωÞ when t c ¼ 0; it is
The initial position of YF is higher than the initial YB in the range of p 0 4 0 (Fig. 5a ). Moreover, during this initial expansion of YF, Μ 0 is kept at zero. In Figs. 11 and 13, the test results are interpreted based on these formulations.
(b) Development by yielding and ageing affected by damage (Fig. 19b ): When the current inviscid stress state is located above the instantaneous YB that has expanded by initial curing, the frictional mechanism is activated. Then, with yielding and the associated damage, M 0 increases and c 0 decreases, as seen from Fig. 14b . In Fig. 19b , this process is represented by the differences between the values for M 0 and c 0 of YF1 and YF2 (i.e., YFs when the stress state is located at points P1 and P2). If there is no development in the ageing effect during the yielding process between the two points, the c 0 value for YF2 becomes smaller than the one for YF1 by debonding due to shearing. Due to this mechanism activated until the peak stress state, the c 0 value of PSL is lower than the c 0 value of the initial YF at the same time t c , as shown by Ezaoui et al. (2010) and illustrated in Fig. 5a and b. In the following, M 0 and c 0 are formulated as a function of the current stress state (as represented by points P1 and P2 in this case) and also the current damage parameter, ω.
The failure criterion (PSL) at a given total curing time t c is expressed as
When YF expands by shear yielding and approaches the PSL, c 0 f ðt c ; ωÞ decreases with ω approaching its residual value c PSL at time t c . Eq. (21) is modified below so that c 0 f ðt c ; ωÞ includes c PSL and the ageing effect that has developed and caused damage. Referring to Fig. 20 , if ω is always fixed to the value at the residual state for a period from t¼ 0 to t c (the residual state), (c PSL ) a is obtained as
where ϕ res is the ratio ( o 1.0) of "the residual value of the strength gain, which has always been damaged, ðc PSL Þ a Àc 0 " to "the original strength gain by ageing without damage,
. Parameter ϕ res decreases from 1.0 (when there is never damage) with an increase in "the damage to ageing effect" that has taken place until YF reaches the PSL. ðc PSL Þ a (Eq. (23)) is the asymptotic lower limit of c 0f ðt c ; ωÞ (Eq. (21)) attained at the residual state (at time t c ) in the actual case, where the ageing effect continuously takes place while continuously causing damage. Eq. (23) is modified below to represent such an actual case. As illustrated in Fig. 20 , the difference between "the c 0f ðt c ; ωÞ value at the residual state when the ageing effect is never damaged,c 0 UA f g ðt c Þ", and "the value when the ageing effect is always damaged with the same damage parameter at the residual state" is equal tõ c 0 Uð1À ϕ res ÞUðA f g ðt c ÞÀ1Þ. Hence, by following the method used to derive Eq. (8), it is assumed that the increment of this difference that developed at time t and decayed until time t* is obtained as
where D ω t c À ω t À Á is the damage function (Eq. (9)). Then, the actual value of c 0 f ðt c ; ωÞ at a given time t 1 is represented by a broken curve in Fig. 20 and its value at the residual state (at time t c ) is obtained by adding the integration of this increment (Eq. (24)) until time t c to ðc PSL Þ a (Eq. (23)), as As shown later, functionc Ã ðt; s f Þ is the material properties to be determined experimentally in the same way as functioñ s 0 ðt; s f Þ (Eq. (19)). This additional positive term is also entirely erased until reaching the residual state (after a very large strain has taken place). Fig. 18 shows how a resultant inviscid YL is constructed for a given set of YB and YF at the end of a given loading path, point P. The configurations of YB and YF are characterized by three points: M 1 (the intersection between YF and the q axis), M 2 (the intersection between YB and YF) and M 3 (the intersection between YB and the p 0 axis). It is assumed that (1) the resultant YL is tangential to YF at point M 1 and YB at point M 3 and (2) the slope of YL smoothly changes from the one of YF (at point M 1 ) toward the one of YB (at point M 3 ) controlled by the coordinate at point M 2 . These interactive rules can be expressed by Bezier's function defined as
Construction of resultant YL
where P(k) is the coordinate at the barycenter of the three known points (M 1 , M 2 and M 3 ) for a given weighting parameter k (between 0 and 1.0) (i.e., P(
, and η is the parameter that controls the curvature of the relation. The curve that consists of points P (k) for k ¼ 0-1.0 is upward convex and tangential to line M 1 M 2 at point M 1 and line M 2 M 3 at point M 3 .
Model formulation and calibration
In this section, the several functions introduced above are determined based on experimental data.
Functions for ageing and damage
As shown in Fig. 21 , ageing function A g (t c ) defined in total stresses, which is assumed to be the same as A f g t c ð Þ (Eqs. (7) and (17)), was determined by Eq. (29) from the evolution of initial YP and the peak strength with the curing time observed in the CD TC tests (Fig. 7) . Eq. (29) was derived considering that, with these data, (1) the confining pressure (s' h ¼ 20 kPa) is much smaller than the peak deviator stress, (2) the damage is essentially zero to the initial YP (i.e., A g t c ¼ 0 ð Þ¼1.0) and (3) the strain at the initial YP, ε YP , is nearly the same for different curing periods; therefore, the damage parameter is also nearly constant.
where q t c _ω ðε YP Þ=q t c _ω t c ¼ 0 ð Þis "the ratio of the yield deviator stress at a given curing time t c to its initial value when t c ¼ 0", s v ðt c ¼ 0Þ is the yield total vertical stress when t c ¼ 0 and Table  2 ) were obtained.
The irreversible shear strains at peak, γ q max , for the specimens initially cured for a period of t c ¼ 7-180 days are plotted against t c in Fig. 22 . The γ q max value is essentially independent of t c , which indicates that the damage at the peak stress state, Dðω peak Þ, is independent of t c for the same stress path at this low confining pressure. Then, Eq. (10) can be applied to these data for different t c values. As its initial value at t c ¼ 0 of the peak deviator stress q t c À ω ðε max Þ, q t c À ω ðt c ¼ 0Þ, is equal to C 0 ðε max Þ (Eq. (7)) , we obtain Eq. (30) from Eq. (10), as follows:
In Fig. 21 , the experimental data for the left-side term of Eq. (30) are plotted against t c . By fitting Eq. (30) with the function of A g t c ð Þ explained above to these data, Dðω peak Þ¼0.23 was obtained.
Interactions between yielding and ageing
The functions 0 ðt; Þ (Eq. (19)) controls the rate of the expansion of YB by positive interactions between shear yielding and ageing. As this takes place most typically during re-curing at a fixed stress state, this function is determined based on the measured vertical stress gains, Δs v , that developed by re-curing at different stress states presented in Fig. 8 . Referring to Fig. 23 , when the current re-curing stress state is below the initial YL (developed by initial curing), the increment of strength gain by ageing for time increment dt is obtained from the incremental form of Eq. (17), namely,
When the current stress state is above the initial YL, the rate of gain in strength is obtained by adding a term representing the positive interaction effect to Eq. (31). Similar to the method used to derive Eqs. (25) and (27), it is assumed that this term is proportional to (a) the difference between the current inviscid vertical stress and the current inviscid vertical stress of the initial YL (i.e., YB), s Table 2 Model parameters used in the simulations of experimental data. Fig. 25 . b Fig. 26 . c Fig. 4b ; for total t c ¼ 9 days. d Fig. 21 . e Fig. 24b . Fig. 22 . Irreversible shear strain at peak stress state for specimens initially cured for 7-180 days (Fig. 7) . ds experimentally obtained from the difference between (1) "the s v value obtained by substituting the irreversible strain at the end of the SL stage (when t¼ t 2 ) into the broken curve (i.e., the stress-strain curve by extrapolating the curve after large-scale yield observed upon the restart of ML from the end of the SL stage)" and (2) "the value obtained by substituting the same strain into the stress-strain curve by continuous ML after initial curing for a period of t 1 ". In Fig. 24b , the values for Δs v obtained as above from the data shown in Fig. 8a , b and d are plotted against vertical stress s v_current at the respective re-curing stages, (as in Fig. 23) . A set of solid circles denotes the data when initially cured for 7 days and then re-cured for two days at different stress states; they exhibit a highly linear relation. On the other hand, the vertical and horizontal coordinates at points nos. 1 and 2 are terms s v_0ðYBÞ A g t 2 ð ÞÀA g t 1 ð Þ Â Ã and s v_0ðYBÞ U fA g t 2 ð ÞþA g t 1 ð Þg=2 in Eq. (33b) (in terms of total stress), respectively, obtained from the measured values s v_0ðYBÞ (Fig. 7) and the formulated ageing function (Fig. 21) . Therefore, point nos. 1 and 2 mean the origin of the inclined linear Δs v -s v_current relation. Actually, the experimentally obtained inclined linear relation fits point no. 1 very well. As these data are those in case 1 (i.e., the current stress state is still above the initial YL at time t 2 ), according to Eq. (33b), the slope of this inclined linear relation means the value of λU A f g t 2 ð ÞÀA Fig. 25 . Damage function determined from data at peak stress state (Fig. 22 ) obtained by ML tests (s 0 h ¼ 20 kPa) for different initial curing periods (Fig. 7) . Fig. 25 shows the calibration of damage function D(ω) (Eq. (9)) for damage parameter ω defined by Eq. (38) (Rouainia and Wood, 2000) , namely,
0 is herein assumed in the present study, where damage is induced mostly by deviatoric loading. With CMG under high pressure and concrete under extreme high pressure (Hong Vu et al., 2008) , volumetric strain may become important and parameter A may be lower than 1.0. As shown in Fig. 25 , by substituting the values whereby ω peak ¼ 0.4 (obtained from Fig. 22 ) and D (ω peak )¼ 0.23 (Fig. 21) into Eq. (9), r 2 ¼ 0.0246 is obtained. As seen from Fig. 4b , the expansion of YB by re-curing for two days is noticeably larger when re-cured at point C than at point B. That is, as the re-curing stress state approaches the PSL, the increases in damage associated with shear yielding, therefore D ω t c À ω t À Á for a given time difference, t c -t decreases (Fig. 25 ) and the distance between the YP and the YB mechanism δ(ω) (Eq. (18)) (i.e., δðωÞ illustrated in the figure inset in Fig. 26 ) increases associated with an increase in the influence of the YF mechanism on the resultant YL around the considered YP. Based on the above, the following function was assumed for δ(ω):
where D Tot is the total damage state parameter, which is a function of ω, and defined as
The two data points shown in Fig. 26 were obtained by recuring at stress states B and C. Their coordinates are (1) Tot À 1 obtained by Eq. (39b). The experimentally determined parameters δ 0 and r 0 obtained by fitting Eq. (39a) to these two data point are shown in Fig. 26 . During initial curing and isotropic compression, no shear yielding takes place; therefore, according to Eq. (38) with A ¼ 1.0, we obtain
e., the origin in Fig. 26 ).
Simulation of the development of yield locus
As shown in Fig. 4b , the locations of YLs together with their expansion and changes in shape by (i) shearing along different loading histories and (ii) re-curing at different stress states observed in the CD TC tests, were simulated by the above-explained model. The model parameters determined based on the experimental data, listed in Table 2 , were commonly used in the simulations.
The M 0 PSL value listed in Table 2 is for total t c ¼ 9 days without including the effects of positive interaction between ageing and yielding (as presented in Fig. 4b) . The initial parameters,c 0 (Eq. (21)) and s f v_0ðYBÞ (Eq. (17)), were experimentally determined from the data presented in Fig. 7 . The experimental data showed that viscosity functions g v (Eq. (4)) and parameter c* (Eq. (5)) at different stress states are nearly the same. Then, α ¼ 1.0, m ¼ 0.02, _ γ ir r ¼ 10 À 6 %=s and c*¼ 747 kPa, that were obtained for the same material (i.e., cement-mixed Chiba gravel) by , were used. In so doing, it was assumed that s v 3 ¼ 0 during drained TC at a fixed s 0 3 . The locations of all the simulated respective YBs and YFs shown below were obtained for the given inviscid stress path and damage parameter (ω, Eq. (38)). Then, "the inviscid resultant YL" was obtained by interpolating the inviscid YB and YF by Eq. (28) with η ¼ 2.0 (constant), except at the initial stages of TC loading. At these initial stages, the stress state is close to the p 0 axis and a YF with a negative M 0 PSL value is necessary for integration with a given YB if η ¼ 2.0. To avoid the above, it was assumed that η increases from the initial value ¼ 1.0-2.0 until the initial YF (with M 0 PSL ¼ 0) can be integrated with a given YB by using η ¼ 2.0. During subsequent TC loading, the M 0 PSL value of the YF obtained by using η ¼ 2.0 increases from 0.0. Fig. 27 shows inviscid YLs at three different states (a, b and c) during re-curing for two days at total stress state B (at s 0 h ¼ 20 kPa). The inviscid YL moves from point a (at the start of SL) to point b (at the end of creep strain development) in association with an increase in the inviscid stress and damage. The ageing process continues to develop until the end of SL (point c), while the inviscid stress and irreversible strain do not increase. The "total stress YP" d observed upon the restart of ML is located above "inviscid YP" c due to the viscous effect. The simulated "total stress YL" passing point d is consistent Fig. 27 . Simulation of the development of "inviscid YL" during SL for two days at total stress point B (s 0 h ¼ 20 kPa) and "total stress YL" upon the restart of ML.
with the experiments. The process described above is the one illustrated in Fig. 1. Fig. 28 shows similar simulations for SL for two days at total stress point E. Moreover, in this case, the simulated total stress YL is consistent with the experiments. The general trend of the YL development is similar in these two cases (Figs. 27 and 28 ). As the confining pressure at point E is much higher (1.0 MPa) than at point B (20 kPa) with the same deviator stress (1.0 MPa), the YL developing by SL at point E is much larger and more open than the one developing by SL at point B. This trend is also seen by comparing the simulated inviscid YLs at the end of SL at points B, C, D and E in Fig. 4b . It may also be seen from Fig. 4b that all the YLs observed in the experiments are simulated very well.
If the yielding characteristics of cement-mixed soil, including CMG, are properly modeled or simulated by FEM or the distinct element method (e.g., Jiang et al., 2012) , it is necessary to take into account such effects of ageing, damage and interaction, as well as the elasto-viscoplastic properties, as described in this paper.
Conclusions
The following conclusions can be derived from the present study:
(1) The yielding of compacted cement-mixed gravely soil when loaded along arbitrary stress/strain histories in triaxial compression (TC) can be described by yield loci (YLs) that develop by the interactive double-yielding mechanism. This mechanism comprises the bonding mechanism (described by yield loci having a shape of constant vertical stress) and the frictional mechanism (described by yield loci having a shape of the Mohr-Coulomb failure criterion). The two sub-mechanisms develop interactively and are controlled by yielding, ageing and damage. (2) The process of yielding can be described by the basic inviscid stress-strain relation (free from effects of ageing and damage) and the damage that is a function of irreversible shear strain. (3) The ageing effect can be described by a function of the total curing time, while controlled by loading history and the current inviscid stress state. (4) The stress-strain behavior upon the restart of monotonic loading at a constant strain rate, following sustained loading (SL) at a fixed stress state, is very stiff for some large range in stress. This trend is due to (a) an expansion of inviscid YL by yielding (associated with creep strain) and ageing (associated with time elapsing) during SL, (b) an additional gain by interactions between ageing and yielding during SL and (c) instantaneous viscous effects. (5) The observed yield characteristics, including the gain in strength due to initial curing and re-curing at an arbitrary stress state for an arbitrary period, are well simulated by the proposed model.
